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0960-9822/01/$ – see front matterCytohesin-1 is a regulatory interaction partner of the
 2001 Elsevier Science Ltd. All rights reserved.2 integrin L2 (LFA-1) and a guanine exchange
factor (GEF) for ADP ribosylation factor (ARF)-
GTPases [1, 2]. However, a functional role of
cytohesin-1 in leukocyte adhesion to activated Results and discussion
endothelium and subsequent transmigration in
Cytohesin-1 enhances LFA-1-mediated leukocyte arrest
response to chemokines has not been defined. on activated endothelium
Overexpression of cytohesin-1 increased LFA-1- During leukocyte extravasation, the firm arrest of leuko-
dependent arrest of leukocytic cells triggered by cytes is mediated by activation of 1 and 2 integrins
chemokines on cytokine-activated endothelium in [3]. This can be triggered by exposure to chemokines
flow while reducing the fraction of rolling cells. presented by inflamed endothelium or by crosslinking
Conversely, a dominant-negative PH domain selectin molecules [4–7]. The 2 integrin, lymphocyte
construct of cytohesin-1 but not a mutant deficient function-associated antigen (LFA)-1 or L2 may medi-
in GEF activity impaired arrest, indicating an ate rolling interactions on its immunoglobulin (Ig) ligands
involvement of the PH domain while GEF function under low shear conditions and the transition of rolling
is not required. Expression of these constructs and into initial arrest [8]. Cytohesin-1 is a 47 kDa cytoplasmic
a 2 mutant interrupting the interaction with protein consisting of an N-terminal coiled-coiled domain,
cytohesin-1 indicated that shape change in flow a central Sec7 domain, and a C-terminal PHdomain which
and transendothelial chemotaxis involve both LFA-1 interacts with the 2 cytoplasmic domain and increases
avidity regulation and GEF activity of cytohesin-1. LFA-1 avidity [1, 9–11]. Cytohesin-1 belongs to a class
As a potential downstream target, ARF6 but not of guanine-nucleotide exchange factors (GEF) for the
ARF1 was identified to participate in chemotaxis. ARF family of GTPases [2] and mediates activation of
Our data suggest that cytohesin-1 and ARF6 are LFA-1 via direct interaction with the 2 chain and its
involved in the dynamic regulation of complex GEF activity [11]. However, the role of cytohesin-1 in
signaling pathways and cytoskeletal remodeling chemokine-induced LFA-1 functions is yet to be defined.
processes governing LFA-1 functions in leukocyte
recruitment. Differential effects of cytohesin-1 and
To study the functional role of cytohesin-1 in LFA-1-ARF6 mutants in our systems reveal that
mediated arrest of leukocytes triggered by chemokines,cytohesin-1 with its GEF activity controls both
we performed experiments with the T lymphoma cellconversion of rolling into firm arrest and
line SKW3 [12]. Flow cytometry confirmed an equivalenttransmigration triggered by chemokines, whereas a
expression of the SDF-1 receptor CXCR4 on parentalcyclical activity of ARF6 plays a more important
SKW3 cells and the derivative SK-2.7 cell line deficientrole in diapedesis.
in the 2 chain of LFA-1 (Figure 1a). We overexpressed
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(SDF)-1 on TNF--activated HUVEC is required to
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Figure 1
Cytohesin-1 increases firm arrest of SKW3 cells triggered by SDF-1 firmly arrested cells was determined in multiple, randomly selected
on endothelium. (a) SKW3 and SK-2.7 cells were stained with fields as the percentage of all interactions (adherent or rolling) with
mAb to CXCR4 (bold line) or isotype control (fine line) and were HUVEC. Firm adhesion was 12  4 cells/mm2 without SDF-1 and
analyzed in a FACScan. (b) SKW3 cells were incubated with 42  6 cells/mm2 or 90.7%  1.4% of total interactions for control
recombinant vaccinia viruses encoding the indicated Ig fusion proteins with SDF-1. Data are expressed as the percentage of change in
as described [1]. Lysates were separated by 10% SDS-PAGE, and arrest relative to control. (d) The number of cells rolling at low velocity
proteins were detected with a human Ig domain mAb. Shown is a was analyzed in the last 30 s of the 2 min interval and expressed as
representative blot. (c,d) TNF--stimulated HUVEC were the percentage of all cells interacting with HUVEC. Data represent
preincubated with SDF-1 for 15 min [5]. SKW3 cells expressing the mean  SD of at least three separate experiments. *p  0.05 versus
indicated Ig fusion proteins were perfused on HUVEC in a parallel control.
wall flow chamber at 1.5 dyn/cm2 [4]. (c) After 2 min, the number of
thus LFA-1 activation [1, 9, 10], attenuated arrest and In the shear flow model, arrest of monocytes on TNF--
activated HUVEC is mediated by 1 and 2 integrinsincreased the rolling fraction (Figure 1c,d). More substan-
tial differences in arrest are precluded by the involvement and surface-bound endothelial chemokines, i.e., GRO-
[3, 4]. Endogenous cytohesin-1 was detected inmonocyticof selectins and VLA-4/VCAM-1 interactions in this sys-
tem, the latter of which are not affected by cytohesin-1 Mono Mac 6 cells at similar levels as in Jurkat T cells
(Figure 2a). Expression of the cytohesin-1 Ig fusion pro-[1]. The E157K mutant had no effect on SKW3 cell re-
cruitment (Figure 1c,d). Expression of the PH domain of teins was again demonstrated by immunoblotting (Figure
2b). Overexpression of cytohesin-1 increased arrest ofBtk or ARNO did not affect leukocyte arrest, revealing
that the effects seen were specific for the respective do- Mono Mac 6 cells and reduced the fraction of rolling cells
on activated HUVEC, while the PHc domain inhibitedmains of cytohesin-1 (Figure 1c,d). These data indicate
that cytohesin-1 contributes to LFA-1-dependent firm arrest and increased the rolling fraction (Figure 2c,d).
Again, the E157K mutant had no effect on monocytearrest of leukocytes triggered by chemokines in flow via
its PHc domain, while its GEF activity is not required. recruitment in shear flow (Figure 2c,d). Basal arrest of
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Figure 2
Cytohesin-1 mediates the conversion of rolling
into firm arrest of Mono Mac 6 cells on
activated endothelium. (a) Jurkat cells and
Mono Mac 6 cells were lysed and
immunoprecipitated with anti-cytohesin-1 Ab
7H2. Shown is a representative blot. (b)
Indicated fusion proteins were overexpressed
in Mono Mac 6 cells as described [1].
Lysates were separated by 10% SDS-PAGE
and proteins detected with a human Ig
domain mAb. Shown is a representative blot.
(c,d) Mono Mac 6 cells expressing indicated
Ig fusion proteins were perfused on TNF--
stimulated HUVEC at 1.5 dyn/cm2. (c) After
2 min, the number of firmly adherent cells was
determined in multiple fields as the
percentage of all cells interacting with HUVEC.
Firm adhesion of control cells was 64  5
cells/mm2 or 80.9%  2.7% of total
interactions. Data are expressed as the
percentage of change in arrest relative to
control. (d) The number of cells rolling at
reduced velocity was determined in the last
30 s of the 2 min interval and expressed as
the percentage of all cells interacting with
HUVEC. Data represent mean  SD of six
separate experiments. *p  0.05 versus
control.
SKW3 or Mono Mac 6 cells on resting HUVEC was negli- dergo dynamic shape change in flow (Figure 3a). These
results were confirmed in transmigration assays acrossgible and not augmented by cytohesin-1 (data not shown).
HUVEC-coated filters toward a MCP-1 gradient (FigureThese findings in two different leukocyte subtypes reveal
3b). Similarly, the shape change of SKW3 cells onthat cytohesin-1 participates in chemokine-induced arrest
HUVEC presenting SDF-1 was attenuated by theof leukocytes.
cytohesin-1 constructs but not the Btk PH domain or
ARNO (data not shown). Thus, overexpression of full-
length cytohesin-1 may inhibit leukocyte transmigrationRole of cytohesin-1 in transendothelial migration
via a high avidity state of LFA-1, while the PHc domainof leukocytes: requirement of its interaction
with LFA-1 and GEF activity may preclude transmigration by the ensuing low avidity
Since the specific regulation of integrin avidity, in particu- of LFA-1. Moreover, the E157K mutant impaired shape
lar, a dynamic control of LFA-1 avidity, appears to be change in flow without affecting arrest. This suggests that
crucial for directed leukocyte migration in response to optimal shape change and subsequent diapedesis do not
chemokines [13–15], we investigated the role of cyto- only require a dynamic regulation of LFA-1 avidity but
hesin-1 in transendothelial leukocyte chemotaxis. This also the GEF activity of cytohesin-1.
can be assessed in the shear flow model by the ability of
adherent monocytes to undergo shape change [4]. We To further investigate this scenario, we expressed LFA-1
observed that overexpression of full-length cytohesin-1, in the 2 chain-deficient cell line SK-2.7 with either
the PHc domain construct, or the E157K mutant de- full-length 2 (WT) or a triple mutant of the 2 chain
(WKA725-727TRG)which interrupts cytohesin-1 bindingcreased the ability of adherent Mono Mac 6 cells to un-
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Figure 3 of full-length cytohesin-1 or the PHc domain, confirming
the findings in Mono Mac 6 cells (Figure 4b). While
transmigration was not affected by expression of the PH
domain of Btk, it appeared to be slightly decreased by
expression of ARNO (Figure 4b), together suggesting that
effects of the respective cytohesin-1 domains were spe-
cific. In contrast, SK-2.7 cells expressing the 2-
WKA725-27TRGmutant did notmigrate toward SDF-1,
regardless of cytohesin-1 constructs (Figure 4c), revealing
that transendothelial chemotaxis requires a direct interac-
tion of cytohesin-1 with the 2 cytoplasmic tail. These
data infer that cytohesin-1 plays a role in diapedesis via
its ability to dynamically regulate LFA-1. Static adhesion
assays confirmed that full-length cytohesin-1 increased
SKW3 cell adhesion to ICAM-1, while both the PHc
domain and theE157Kmutant inhibited adhesion (Figure
4f). It should be noted that the E157K mutant did not
share the capacity of wild-type cytohesin-1 in stimulating
arrest in flow. However, its concomitant lack of a domi-
nant-negative inhibition at best indicates an auxilliary role
of the GEF activity in leukocyte arrest. Distinct effects
of the E157K mutant in static adhesion versus arrest in
flow indicates that mechanisms of cell adhesion in these
systems may differ. Indeed, leukocyte binding under
static conditions may involve adhesion strengthening due
to spreading which is blocked by E157K [11]. Thus, the
GEF activity of cytohesin-1 appears to be indispensible
for cell spreading, while LFA-1-dependent arrest in flow
may require direct avidity regulation or clustering [11, 16,
17]. Leukocyte arrest on activated endothelium involves
chemokines and their G protein-coupled receptors which
activate phosphatidyl inositol 3-kinase (PI3-K) [3–5, 18].
Activation of LFA-1 by cytohesin-1 requires its recruit-
ment to the plasma membrane, which is mediated by
PI3-K [10, 11]. While PI3-K activation is involved in
monocytic cell arrest on HUVEC in shear flow [18], it is
not necessary for LFA-1 affinity changes in T cells trig-
gered by chemokines [17]. Thus, cytohesin-1 may be
linked to chemokine-triggered arrest by modulating LFA-1
clustering rather than affinity. Indeed, it has been shown
that cytohesin-1 colocalizes with clustered LFA-1, while
Cytohesin-1 regulates the transendothelial leukocyte migration. (a)
overexpression of cytohesin-1 alone did not increase bind-Mono Mac 6 cells expressing the indicated fusion proteins were
ing to soluble dimeric ICAM-1 [11].perfused on TNF--stimulated HUVEC at 1.5 dyn/cm2. After 5 min,
the number of cells undergoing shape change was analyzed in
multiple fields and expressed as percentage of adherent cells. Data
represent mean  SD of six separate experiments. (b,c) Mono Mac ARF6 is involved in transendothelial leukocyte
6 transfectants were allowed to migrate across HUVEC-coated filters migration as a cycling GTPase
toward MCP-1. After 2 hr, transmigrated cells were counted by
TheE157Kmutant inhibited the ability of arrestedmono-microscopy. Data are expressed as the index over random migration
cytes to undergo shape change in shear flow and leukocyteand represent mean  SD of four separate experiments performed
in duplicate. chemotaxis (Figures 3a,b and 4b), indicating an involve-
ment of the cytohesin-1 GEF activity in cell migration.
This may involve the integration of “outside-in” signals
to appropriate remodelling of the actin cytoskeleton atto the 2 cytoplasmic domain [11], and surface expression
was confirmed by flow cytometry (Figure 4a). Reconstitu- the leading edge of the cell. While downstream effectors
of the cytohesin-1 GEF function have not been convinc-tion of LFA-1 with the WT 2 chain in the SK-2.7
cells restored transendothelial migration toward SDF-1 ingly identified, a potential candidate is ARF6, which is
ideally situated at the cytoplasmic membrane [19]. The(Figure 4b). This was in turn inhibited by overexpression
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Figure 4
ARF subfamily of GTPases controls intracellular vesicle
transport andmembrane ruffling [19].We expressed dom-
inant active (Q67L) and inactive (T27N) forms of ARF6
and active (Q71L) and inactive (T31N) ARF1 mutants
[20] in Mono Mac 6 cells and SK-2.7 cells coexpressing
wild-type 2 or its WKA725-27TRG mutant and studied
the effects on transendothelial chemotaxis. This revealed
that locking ARF6 but not ARF1 in a GTP-bound active
or GDP-bound inactive form impaired transendothelial
chemotaxis in Mono Mac 6 cells and SK-2.7/2 transfec-
tants (Figures 3c and 4d). Neither form of ARF6 affected
transmigration of the SK-2.7/WKA725-27TRG transfec-
tants (Figure 4e). In static adhesion assays of SKW3 cells
to purified ICAM-1, neither ARF6 nor ARF1 had a signifi-
cant effect on binding to ICAM-1 (Figure 4f). Our data
suggest that a cyclic activity of ARF6 is important in
leukocyte migration, independent of integrin regulation.
A cyclical activity of ARF6 is important for Fc receptor-
mediated endocytosis in macrophages, and activation of
ARF6 by ARNO promotes epithelial cell motility [21,
22]. Endocytosis and migratory functions might involve
common regulatory circuits, since both cell movement
and endocytosis require coordinated membrane flow and
actin cytoskeletal reorganization. The functions of ARF6
and cytohesin-1 appear to overlap but are not identical,
rendering a direct interaction of the proteins unlikely.
Taken together, our results reveal a previously unknown
role of ARF6 in transendothelial chemotaxis of leuko-
cytes.
Conclusions
Our data reveal that cytohesin-1 and ARF6 are intimately
involved in cellular processes relevant for leukocyte ex-
travasation. Cytohesin-1 plays a multifunctional and in-
tegrative role in the firm arrest and transendothelial che-
motaxis of leukocytes via specific effects on LFA-1
regulation. Direct modulation of LFA-1 avidity or cluster-
ing by cytohesin-1 contribute to arrest, while its GTPase
exchange factor activity is more important for shape
change and transmigration. In contrast, ARF6 appears be
more specifically involved during diapedesis. Identifica-
tion of these proteins as important elements in the leuko-
cyte extravasation cascade and clarification of their rolesInteraction of cytohesin-1 with the 2 integrin chain and ARF6 are
demonstrates that they could serve as checkpoints in in-necessary elements for leukocyte transendothelial migration. (a) Full-
length 2 or a triple mutant of 2 (WKA725-27TRG) were expressed flammatory cell recruitment.
in SK-2.7 cells. Cells were stained with the isotype control (fine
line) or LFA-1 mAb (bold line) and analyzed by FACScan. Data are
Supplementary materialrepresentative histograms. (b–e) SK-2.7 cells were cotransfected
The Supplementary material available with this article online at http://with either the full-length 2 chain (b,d) or the triple mutant (WKA725-
images.cellpress.com/supmat/supmatin.htm provides information on the727TRG) (c,e) and the indicated proteins. Transfectants were
endothelial cells, leukocytic cell lines, reagents, and constructs used inallowed to migrate across resting HUVEC toward a SDF-1 gradient.
this study and includes details of the experimental procedures, suchAfter 3 hr, transmigrated cells were counted by FACScan. Data are
as eukaryoctic expression, immunoblotting, flow cytometry, as well asexpressed as index over random migration and represent mean  SD
adhesion and transmigration assays under static or flow conditions.of three separate experiments performed in duplicate. The migration
index for wild-type SKW3 and SK-2.7 cells was 9.2  6.3 and 1.8 
0.6, respectively. (f) SKW3 cells expressing indicated proteins were Acknowledgementssubjected to static adhesion assays on ICAM-1 for 30 min. Data given
This study was supported by grants from the Deutsche Forschungsge-
are the absolute cell number and mean  SD of four experiments. meinschaft (WE 1913/2 to C.W.; GRK-438 to K.W. and C.W., and SFB
grants 455/576 to W.K.). K.W. is a recipient of the Bayerische Habilita-
1974 Current Biology Vol 11 No 24
tionsfo¨rderpreis. The authors wish to thank Profs. P.C. Weber and E. Win- 21. Caron E, Hall A: Identification of two distinct mechanisms of
phagocytosis controlled by different Rho GTPases. Sciencenacker for continuous support.
1998, 282:1717-1721.
22. Santy LC, Casanova JE: Activation of ARF6 by ARNO stimulatesReferences epithelial cell migration through downstream activation of
1. Kolanus W, Nagel W, Schiller B, Zeitlmann L, Godar S, Stockinger both Rac1 and phospholipase D. J Cell Biol 2001, 154:599-
H, et al.: L2 integrin/LFA-1 binding to ICAM-1 by 610.
cytohesin-1, a cytoplasmic regulatory molecule. Cell 1996,
86:233-242.
2. Meacci E, Tsai SC, Adamik R, Moss J, Vaughan M: Cytohesin-1, a
cytosolic guanine nucleotide-exchange protein for ADP-
ribosylation factor. Proc Natl Acad Sci USA 1997, 94:1745-1748.
3. Springer TA: Traffic signals for lymphocyte recirculation and
leukocyte emigration: the multistep paradigm. Cell 1994,
76:301-314.
4. Weber KSC, von Hundelshausen P, Clark-Lewis I, Weber PC, Weber
C: Differential chemokine immobilization and hierarchical
involvement of their receptors in monocyte arrest and
transmigration on inflammatory endothelium. Eur J Immunol
1999, 29:700-712.
5. Peled A, Grabovsky V, Habler L, Sandbank J, Arenzana-Seisdedos
F, Petit I, et al.: The chemokine SDF-1 stimulates integrin-
mediated arrest of CD34() cells on vascular endothelium
under shear flow. J Clin Invest 1999, 104:1199-1211.
6. Rainger GE, Buckley C, Simmons DL, Nash GB: Cross-talk
between cell adhesion molecules regulates the migration
velocity of neutrophils. Curr Biol 1997, 7:316-325.
7. Simon SI, Hu Y, Vestweber D, Smith CW: Neutrophil tethering
on E-selectin activates 2 integrin binding to ICAM-1
through a mitogen-activated protein kinase signal
transduction pathway. J Immunol 2000, 164:4348-4358.
8. Sigal A, Bleijs DA, Grabovsky V, van Vliet SJ, Dwir O, Figdor Cg, et
al.: The LFA-1 integrin supports rolling adhesions on ICAM-1
under physiological shear flow in a permissive cellular
environment. J Immunol 2000, 165:442-452.
9. Nagel W, Zeitlmann L, Schilcher P, Geiger C, Kolanus J, Kolanus
W: Phosphoinositide 3-OH kinase activates the 2 integrin
adhesion pathway and induces membrane recruitment of
cytohesin-1. J Biol Chem 1998, 273:14853-14861.
10. Nagel W, Schilcher P, Zeitlmann L, Kolanus W: The PH domain
and the polybasic c domain of cytohesin-1 cooperate
specifically in plasma membrane association and cellular
function. Mol Biol Cell 1998, 9:1981-1994.
11. Geiger C, Nagel W, Boehm T, van Kooyk Y, Figdor CG, Kremmer
E, et al.: Cytohesin-1 regulates 2 integrin-mediated
adhesion through both ARF-GEF function and interaction
with LFA-1. EMBO J 2000, 19:2525-2536.
12. Weber KSC, York MR, Springer TA, Klickstein LB: Characterization
of lymphocyte function-associated antigen 1 (LFA-1)-
deficient T cell lines: the L and 2 sub-units are
interdependent for cell surface expression. J Immunol 1997,
158:273-279.
13. Weber C, Alon R, Moser B, Springer TA: Sequential regulation
of 41 and 51 integrin avidity by CC chemokines in
monocytes: implications for transendothelial chemotaxis. J
Cell Biol 1996, 134:1063-1073.
14. Weber C, Lu C-F, Casasnovas J, Springer TA: Role of the L2
integrin avidity in transendothelial chemotaxis of
mononuclear cells. J Immunol 1997, 159:3968-3975.
15. Weber C, Springer TA: VLA-4 avidity regulation by chemokines
facilitates lateral migration of monocytes. J Immunol 1998,
161:6825-6834.
16. Cinamon G, Shinder V, Alon R: Shear forces promote lymphocyte
migration across vascular endothelium bearing apical
chemokines. Nat Immunol 2001, 2:515-522.
17. Constantin G, Majeed M, Giagulli C, Piccio L, Kim JY, Butcher EC,
et al.: Chemokines trigger immediate 2 integrin affinity and
mobility changes: differential regulation and roles in
lymphocyte arrest under flow. Immunity 2000, 13:759-769.
18. Gerszten RE, Friedrich EB, Matsui T, Hung RR, Li L, Force T, et al.:
Role of phosphoinositide 3-kinase in monocyte recruitment
under flow conditions. J Biol Chem 2001, 276:26846-26851.
19. Chavrier P, Goud B: The role of ARF and Rab GTPases in
membrane transport. Curr Opin Cell Biol 1999, 11:466-475.
20. Knorr T, Nagel W, Kolanus W: Phosphoinositides determine
specificity of the guanine-nucleotide exchange activity of
cytohesin-1 for ADP-ribosylation factors derived from a
mammalian expression system. Eur J Biochem 2000,
267:3784-3791.
